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DESCRIPTION 

R-Fe-B BASED THIN FILM MAGNET AND METHOD FOR PREPARATION 

THEREOF 

Technical Field 

The present invention relates to a high-performance 
thin film magnet suitable for the use in micromachines, 
sensors, and small medical and information equipment and a 
method for preparation thereof. 
Background Art 

" Rare-earth sintered magnets of Nd-Fe-B base primarily 
containing Nd as the rare-earth element R have high magnetic 
characteristics and have been used in VCMs (voice coil 
motors) , MRIs (magnetic resonance imaging apparatuses) , and 
other various fields. These magnets have sizes with one 
side of several millimeters to several tens of millimeters . 
Cylindrical magnets having outer diameters of 3 mm or less 
are used in vibration motors for cellular phones, and 
further minute magnets are required in the fields of 
micromachines and sensors. For example, a flat-shaped 
magnet having a thickness of 1 mm or less is prepared 
through the steps of cutting from a somewhat large sintered 
block, polishing, or the like in advance. However, it is 
difficult to produce a magnet of 0.5 mm or less because of a 
magnetic strength problem or a productivity problem. 
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On the other hand, recently, thin film magnets in 

minute sizes have become prepared by physical film formation 

methods, e.g., sputtering and laser deposition, and for the 

magnetic characteristics, a maximum energy product of 200 
3 

kJ/m or more has been reported (for example, Non-Patent 
Document 1 and Patent Document 1) . According to these 
preparation methods, magnet alloy components are deposited 
on substrates or shafts in a vacuum or in a space at a 

reduced pressure, and are subjected to a heat treatment, so 

• ; * 

that a high performance film exhibiting about 200 kJ/m 3 can 
be produced by a simple process relative to a sintering 
method by appropriately controlling various conditions. 

As a general example, the thickness of the thin film 
magnet formed on a base material, e.g., a flat plate or a 
shaft, is about several micrometers to several tens of 
micrometers, and in many cases, it is one-several tenth to 
one-hundredth of the four sides of the flat plate or the 
diameter of the shaft. When this thin film is magnetized in 
a direction perpendicular to the flat plate surface or the 
circumferential surface of the shaft, a demagnetizing field 
is increased significantly, and adequate magnetization is 
not performed. Therefore, it becomes difficult to exploit 
the magnetic characteristics inherent in the thin film 
magnet. It has been generally known that the magnitude of 
the demagnetizing field depends on the ratio of the 
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dimension of magnet in the magnetization direction to the 
dimension in the direction orthogonal thereto, and is 
increased as the dimension in the magnetization direction (= 
film thickness direction) is decreased. 

On the other hand, if an easy-to-magnetize magnet 
material can be prepared from a point of view different from 
the above-described dimensional ratio problem, it becomes 
possible to exploit the characteristics of the thin film 
magnet easily. Consequently, the usefulness is exerted in 
preparation of various application devices . In a method 
generally adopted for known Nd-Fe-B based thin film magnet, 
components constituting the magnet are deposited in an 
atomized or ionized state on a base material, and Nd2Fei4B 
crystal grains of less than 0.3 (im corresponding to a 
single-magnetic-domain grain diameter are generated by the 
following heat treatment (Patent Documents 2 and 3) . 

At this time, in general, it is a common means to 
control the crystal grains at small size so as to obtain 
desired magnetic characteristics (for example, Patent 
Document 4) . However, there is almost no document in which 
the crystal grain diameter and the magnetization 
characteristics are discussed. If the crystal grains are 
grown to 0.3 \xra or more, the inside of each crystal grain 
takes on a multidomain structure and, thereby, the coercive 
force is reduced. 
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For the purposes of reference to evaluation of the 
magnetization characteristics, Fig. 1(a) shows an initial 
magnetization curve and a demagnetization curve of a general 
sintered magnet, and Fig. 1(b) shows an initial 
magnetization curve and a demagnetization curve of a known 
example of thin film magnet. As is clear from Fig. 1(a), 
when a magnetic field is applied to the sintered magnet, the 
magnetization rises steeply, and adequately high 
magnetization characteristics are exhibited even when the 
magnetic field is at a low level of about 0.4 MA/m. 

On the other hand, for the thin film magnet of a known 
example shown in Fig. 1(b), the magnetization is increased 
gradually from an origin point, and no tendency of 
saturation is observed even at a magnetic field of 1.2 MA/m. 
The reason for this difference in magnetization 
characteristics is estimated that the sintered magnet has a 
nucleation type coercive force mechanism whereas the thin 
film magnet of the known example is based on the single- 
magnetic-domain grain type coercive force generation 
mechanism. 

Non-Patent Document 1: Journal of Magnetics Society of Japan, 
Vol. 27, No. 10, 1007, (2003) 

Patent Document 1: Japanese Unexamined Patent Application 
Publication No. 8-83713 

Patent Document 2: Japanese Unexamined Patent Application 
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Publication No. 11-288812 

Patent Document 3: Japanese Unexamined Patent Application 
Publication No. 2001-217124 

Patent Document 4 : Japanese Unexamined Patent Application 
Publication No. 2001-274016 
Disclosure of Invention 

Problems to be Solved by the Invention 

It is an object of the present invention to improve the 
magnetization characteristics of a thin film magnet. 
Means for Solving the Problems 

" The inventors of the present invention have conducted 
intensive research on the composition and the crystal 
texture for the purpose of improving the magnetization 
characteristics of the thin film magnet and, as a result, 
succeeded in the preparation of a thin film magnet having a 
nucleation type coercive force mechanism similar to that of 
the sintered magnet. 

An aspect of the present invention is (1) an R-Fe-B 
based thin film magnet characterized by including an R-Fe-B 
based alloy which contains 28 to 45 percent by mass of R 
element (where R represents at least one type of rare-earth 
lanthanide elements) and which is physically formed into a 
film, wherein R-Fe-B based alloy has a composite texture 
composed of R2Fei4B crystals having a crystal grain diameter 
of 0.5 to 30 |om and R-element-rich grain boundary phases 
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present at boundaries between the crystals. 

Another aspect of the present invention is (2) the R- 
Fe-B based thin film magnet according to the above-described 
item (1), characterized in that c axes, which are easy-to- 
magnetize axes, of R2Fei4B crystals are oriented randomly or 
oriented nearly perpendicularly to a film surface. 

Another aspect of the present invention is (3) the R- 
Fe-B based thin film magnet according to the above-described 
item (1) or item (2), wherein the film thickness is 0.2 to 
400 (am. 

' Another aspect of the present invention is (4) a method 
for preparation of the R-Fe-B based thin film magnet 
according to any one of the above-described items (1) to (3), 
the method characterized by including the step of heating 
the R-Fe-B based alloy to 700°C to 1,200°C during physical 
film formation or/and the following heat treatment, so as to 
grow crystal grains and form R-element-rich grain boundary 
phases . 

In the case where the crystal texture of the Nd-Fe-B 
based thin film magnet is almost composed of R2Fei4B crystals 
and the crystal grain diameter thereof is less than a 
single-magnetic-domain grain diameter corresponding to 0.3 
(jm, even when a magnetic field is applied, the magnetization 
direction of each crystal grain gradually rotates relative 
to the magnitude of the magnetic field and, thereby, 
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adequate magnetization is difficult, as indicated by the 
initial magnetization curve of the thin film magnet of the 
known example shown in Fig. 1(b). In many cases, the thin 
film magnets are applied to minute devices and, therefore, 
it is practically difficult to apply a large magnetic field 
to a minute section. 

On the other hand, in the case of the magnet according 
to the present invention where the crystal texture is 
composed of a composite texture including R2Fei4B crystals 
larger than the single-magnetic-domain grain diameter and R- 
element-rich grain boundary phases present at boundaries 
between the crystals, when a magnetic field is applied, as 
is estimated from an initial magnetization curve of Present 
invention sample (2) shown in Fig. 3 described below, many 
magnetic domains present in each crystal grain are oriented 
in unison to the direction of the magnetic field by a small 
magnetic field while adjacent magnetic walls are removed, 
and adequate magnetization similar to that in the sintered 
magnet is performed. It is estimated that the difficulty 
and easiness of the magnetization characteristics result 
from the grounds that the thin film magnet of the known 
example has the single-magnetic-domain grain type coercive 
force generation mechanism whereas the thin film magnet 
according to the present invention has a nucleation type 
coercive force generation mechanism. 



Best Mode for Carrying Out the Invention 
(Alloy system- Crystal texture) 

The thin film magnet, which is an object of the present 
invention, is composed of an R-Fe-B based alloy, where a 
rare-earth element is denoted by R. In general, a Nd-Fe-B 
based alloy is used. In actual preparation of the alloy, in 
order to improve the coercive force of the thin film magnet, 
Pr, Dy, Tb, or the like is added as the R element besides Nd, 
and inexpensive Ce is added, for example. Furthermore, 
usually, various transition metal elements, e.g., Ti, V, Mo, 
and' Cu, P, Si, and Al are added in order to appropriately 
control the crystallization temperature and the crystal 
grain size of the alloy to be formed into a film, and 
various transition metal elements, e.g., Co, Pd, and Pt, are 
added in order to improve the corrosion resistance. 

The total amount of the rare-earth elements R, e.g., Nd, 
Pr, Dy, and Tb, in the alloy must be 28 to 45 percent by 
mass to form the composite texture composed of R2Fei4B 
crystals and R-element-rich grain boundary phases, and 32 to 
40 percent by mass is more preferable. That is, the content 
of the R element in the alloy must be larger than that of 
the R2Fe i4 B composition. It is estimated that the R-element- 
rich grain boundary phase is a phase similar to an R0 2 or 
R2O3 type oxide containing 50 percent by mass or more of R 
element and small amounts of Fe and other additional 
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components . 

The amount of Nd in the stoichiometric composition of 
Nd 2 Fei 4 B, in which Nd is taken as a typical example of the R 
element, is 26.7 percent by mass, and the content of the R 
element in the alloy must be at least 28 percent by mass in 
order to allow a small amount of Nd-element-rich grain 
boundary phases to coexist. On the other hand, as the 
amount of the R element is increased, the proportion of the 
grain boundary phases in the alloy is increased and, 
therefore, the coercive force is improved. However, the 
proportion of Nd 2 Fei 4 B crystals is decreased, the 
magnetization is decreased significantly and, thereby, high 
magnetic characteristics cannot be obtained. Consequently, 
the content of the R element must be 45 percent by mass or 
less . 

With respect to the relationship between the Nd 2 Fei 4 B 
crystals and the Nd-rich grain boundary phases in the inside 
of the alloy, in the texture, the former crystals are almost 
surrounded by the latter grain boundary phases, as in the 
sintered magnet. In the case where the proportion of the 
grain boundary phases is small, the thickness thereof is 
decreased to about 10 nm, and the grain boundary phase is 
partly missed in the texture. Therefore, there is a 
tendency toward a lower coercive force and higher 
magnetization. In the case where the proportion is large, 
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the thickness becomes several hundred nanometers to 1 
micrometer, and there is a tendency toward a higher coercive 
force and lower magnetization. 

In general, the crystal grain diameter is determined by 
averaging dimensions of cross-sections of the crystal cut in 
various directions. When the film thickness is small, flat- 
shaped crystals are formed. Therefore, in the present 
specification, the average dimension of crystals observed in 
a film surface is referred to as a crystal grain diameter. 
In this measuring method, specifically, the Nd-Fe-B based 
thih film formed on a flat substrate or a shaft surface is 
slightly etched with nitric acid alcohol, and the resulting 
sample is observed with SEM (scanning electron microscope) 
or a high-powered metallurgical microscope. One line is 
drawn on the resulting image photograph, crystal grain 
diameters on the line within a length of 200 urn are measured, 
and a calculated average value is taken as the crystal grain 
diameter . 

The grain diameter of the Nd2Fei4B crystal must be 0.5 
to 30 |om in order to have a nucleation type coercive force 
mechanism and make the rising edge of the magnetization 
steep relative to a magnetic field, and 3 to 15 (im is more 
preferable. As described above, if the grain diameter is 
less than 0.5 um, the dimension becomes close to the single- 
magnetic-domain grain diameter, the rising edge of the 
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initial magnetization curve becomes gentle and, thereby, it 
becomes difficult to magnetize. On the other hand, if the 
grain diameter exceeds 30 jjm, the number of magnetic domains 
present in one crystal becomes too large, inversion of 
magnetization tends to occur and, thereby, a necessary 
coercive force cannot be obtained even, when the grain 
boundary phases are formed. 

In the R-Fe-B based thin film magnet according to the 
present invention, the c axes, which are easy-to-magnetize 
axes, of R2Fei4B crystals are oriented randomly or oriented 
nearly perpendicularly to a film surface. In the present 
invention, basically the magnetization characteristics are 
improved regardless of whether the c axes are oriented or 
not. However, in the case where the c axes are parallel to 
the film surface, the influence of a demagnetizing field is 
small and an effect of improving the magnetization 
characteristics is reduced. 

(Film thickness • Film formation method- Base material) 

When the thickness of the Nd-Fe-B based film is within 
the range of 0.2 to 400 pm, the effect of the present 
invention can be exerted adequately. If the thickness is 
less than 0.2 jum, the volume of the Nd2Fei4B crystal grain is 
decreased and, thereby, single-magnetic-domain grain-like 
behavior becomes dominant even when the composite texture 
composed of Nd2Fei4B crystals and the Nd-rich grain boundary 
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phases is formed. Consequently, good magnetization 
characteristics cannot be obtained. On the other hand, if 
the thickness exceeds 400 pm, variations in size of crystal 
and orientation are increased in the upper portion and the 
lower portion of the film, so that the residual 
magnetization is reduced. Furthermore, a long-duration 
operation of about 1 day or more is required to form a film 
having a thickness exceeding 400 |im, and the thickness 
exceeding 400 jam can be relatively easily obtained by a 
method in which a sintered magnet is cut and polished. 
Therefore, the upper limit of the thickness is specified to 
be 400 jam. 

With respect to the film formation method, plating in 
which an alloy is deposited from a liquid, coating in which 
fine alloy powder particles are applied or sprayed, CVD, and 
various physical film formation methods, e.g., evaporation, 
sputtering, ion plating, and laser deposition, can be used. 
In particular, the physical film formation methods are 
suitable for use as a film formation method of the Nd-Fe-B 
based thin film because contamination of impurities is at a 
low level and a crystalline film exhibiting good quality can 
be obtained . 

With respect to the base material for forming the thin 
film, various metals, alloys, glass, silicon, ceramic, and 
the like can be selected and used. However, since a 
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treatment at a high temperature is required in order to 
obtain a desired crystal texture, it is desirable that 
ceramic or a high-melting point metal, e.g., Fe, Mo, or Ti, 
as a metal base material is selected. In the case where the 
base material has soft magnetism, metals, e.g., Fe, magnetic 
stainless steel, and Ni, and alloys are suitable, because 
the demagnetizing field of the thin film magnet becomes 
small. When a ceramic base material is used, adequate 
resistance is exhibited in the high temperature treatment. 
However, the adhesion to the Nd-Fe-B film may be inadequate. 
As *a measure against it, usually, the adhesion is improved 
by providing a substrate film formed from Ti, Cr, or the 
like. These substrate films may be useful for base 
materials formed from metals and alloys. 
(Heat treatment) 

In the state of being formed into a film by sputtering 
or the like, the Nd-Fe-B based film is usually composed of 
amorphous or fine crystals on the order of several tens of 
nanometers, in many cases. Heretofore, crystallization and 
growth of crystal are facilitated by a low-temperature heat 
treatment at 400°C to 650°C and, thereby, a crystal texture 
of less than 1 \xm is obtained. In the present invention, it 
is necessary that crystal grains larger than ever are 
prepared as a first step, and a high-temperature heat 
treatment is performed at 700°C to 1,200°C as a second step 
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in order to allow the Nd-rich grain boundary phases to 
coexist . 

The role of this high-temperature heat treatment is to 
facilitate the growth of Nd2Fei4B crystal grains in the film 
and generate Nd-rich grain boundary phases around the 
crystals simultaneously. When this structure is established, 
the nucleation type coercive force mechanism, which is an 
object of the present invention, is provided. Preferably, a 
low-temperature heat treatment at 500°C to 600°C is performed 
following the high-temperature heat treatment. Consequently, 
the above-described Nd-rich grain boundary phases form a 
thin texture uniformly surrounding the crystals and, as a 
result, an effect of improving the coercive force is exerted. 

Preferably, the base material temperature during the 
film formation is controlled at 300°C to 400°C, and after the 
film formation, heating to 700°C to 1, 200°C is performed. If 
the temperature is lower than 700°C, it takes about several 
tens of hours to grow desired crystal grains and, therefore, 
this is not appropriate. Furthermore, it is very difficult 
to generate Nd-rich grain boundary phases. When the 
temperature is 700°C or higher, the growth of crystal 
proceeds and, in addition, Nd-rich grain boundary phases are 
formed through various reactions of Nd, Fe, and B. However, 
if the temperature exceeds 1,200°C, a part of the alloy is 
brought into a state of melt and, thereby, the thin film 
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form loses its shape. In addition, oxidation proceeds 
significantly. Therefore, this is not appropriate. 

In both heat treatments at a high temperature and a low 
temperature to obtain a homogeneous crystal texture, if the 
heat treatment time is 10 minutes or less, unevenness of 
crystal grain diameters or variations in the thickness of 
the Nd-rich grain boundary phases tend to occur in the film. 
On the other hand, since the volume of the thin film magnet 
is small as compared with the volume of the sintered magnet, 
a desired crystal texture and grain boundary phase can 
easdly be obtained in ten-odd minutes to several tens of 
minutes, the treatment for 1 hour or more causes proceeding 
of oxidation, and an influence to the crystal texture is 
relatively small even when the time is increased. 
Consequently, it is preferable that the treatment time is 
more than 10 minutes, and less than 1 hour. 

It is preferable that the heat treatment is performed 
in a vacuum or in a non-oxidizing atmosphere after the film 
formation. For the heating method, a system in which the 
thin film sample is charged into an electric furnace, a 
system in which rapid heating and cooling is performed by 
infrared heating or laser irradiation, a Joule heating 
system in which the thin film is energized directly, or the 
like can be selected and adopted. 

It is preferable that the film formation and the heat 
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treatment are performed separately, because the 
crystallinity and magnetic characteristics of the film can 
easily be controlled. However, a system in which the base 
material is heated to a high temperature during sputtering 
can be used. It is also possible to prepare a desired 
crystal texture by increasing an output in the film 
formation and, thereby, maintaining the temperature during 
the film formation at a high temperature. Since the Nd-Fe-B 
based film tends to rust, usually, a corrosion-resistant 
protective film is formed from Ni, Ti, or the like after the 
film formation or the heat treatment. 
EXAMPLE 1 

The present invention will be described below in detail 
with reference to examples. 

A Nd-Fe-B alloy having a composition, in which the Nd 
content was less than that in an objective Nd-Fe-B alloy, 
was melted and cast, the inner perimeter, outer perimeter, 
and surface grinding was performed and, thereby, two annular 
alloys having an outer diameter of 60 mm, an inner diameter 
of 30 mm, and a thickness of 20 mm were prepared. Eight 
through holes having a diameter of 6 mm were disposed in an 
annular portion by electrical discharge machining so as to 
produce a target. A Nd rod having a diameter of 5.8 mm, a 
length of 20 mm, and a purity of 99.5% was separately 
prepared for adjusting the alloy composition. Furthermore, 
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a plurality of iron plates having a purity of 99.9% in the 
shape of a strip having a length of 12 mm, a width of 5 mm, 
and a thickness of 0.3 mm were prepared, degreased with a 
solvent, and pickled so as to produce substrates. A film of 
a Nd-Fe-B alloy was formed on the resulting iron substrate 
surface by using a three-dimensional sputtering apparatus, 
in which a pair of the targets were opposed and a high- 
frequency coil was disposed therebetween. 

An actual film formation operation was performed in 
accordance with the following procedure. The predetermined 
number of Nd rods were put into through holes of the Nd-Fe-B 
alloy target attached to the inside of the sputtering 
apparatus. The above-described substrate was attached to a 
jig directly coupled to a motor shaft in the apparatus, and 
was set in such a way as to be placed at the midpoint 

position of the high-frequency coil. The inside of the 

-5 

sputtering apparatus was evacuated to 5 x 10 Pa. 
Thereafter, an Ar gas was introduced and the inside of the 
apparatus was maintained at 1 Pa. An oxide film on the iron 
substrate surface was removed by performing reverse 
sputtering for 10 minutes, while an RF output of 30 W and a 
DC output of 3 W were applied. Subsequently, sputtering was 
performed for 90 minutes, while an RF output of 150 W and a 
DC output of 300 W were applied and the substrate was 
rotated at 6 rpm, so that a Nd-Fe-B films having a thickness 
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of 15 pm were formed on both surfaces of the substrate. The 
number of Nd rods was changed and similar sputtering was 
performed repeatedly, so that six Nd-Fe-B films, in total, 
having different alloy compositions were prepared. 

The six substrates provided with films were cut into 
halves in the length direction. One side of the cut 
substrate was charged into an electric furnace disposed in a 
glove box, and was subjected to a two-stage heat treatment, 
in which a first stage was performed at 850°C for 20 minutes 
and a second stage was performed at 600°C for 30 minutes, in 
an *Ar atmosphere, in which the oxygen concentration was 
maintained at 2 ppm or less. The resulting samples were 
taken as Present invention samples (1) to (4) and 
Comparative example samples (1) and (2) on the basis of the 
Nd compositions. The other half was simply subjected to a 
one-stage heat treatment at 600°C for 30 minutes, so that 
Comparative example samples (3) to (8) were prepared. 

As representative examples, Present invention sample 
(2) and Comparative example sample (4), which had the same 
Nd content and exhibited highest (BH)max values, were 
subjected to the crystal texture observation by using a 
scanning electron microscope (SEM) provided with an energy 
dispersive mass spectrograph (EDX) . The crystal grain 
diameter of Present invention sample (2) determined by 
measuring the length in the observation image was 3 to 4 jam, 
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and grain boundary phases having a thickness of 0.2 jam or 
less, in which Nd and O were distributed at high 
concentrations between individual crystal grains, were 
observed by the secondary electron image observation. On 
the other hand, the crystal grain diameter of Comparative 
example sample (4) was 0 . 2 jam or less and a clear grain 
boundary phase was not recognized. 

In order to examine the direction of the c axis which 
was a easy-to-magnetize axis of the Nd-Fe-B crystal, a 
magnetism measurement was performed in two directions, 
perpendicular to the film formation surface and horizontal, 
for Present invention sample (2) and Comparative example 
sample (4). As a result, the residual magnetization of the 
former sample measured in the perpendicular direction was 
1.6 times that in the horizontal direction. Therefore, it 
was clearly estimated that the c axis was oriented in the 
direction perpendicular to the film surface. Furthermore, 
the X-ray diffraction pattern of this sample was measured. 
As a result, the diffraction line intensity of a (006) 
surface resulting from the Nd2Fe;uB crystal was remarkable 
and, therefore, the above-described c axis orientation was 
ascertained. On the other hand, the residual magnetization 
of the latter sample was different depending on the 
direction, and the value measured in the perpendicular 
direction was 1.2 times that in the horizontal direction. 
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However, since the crystal grains were too small, the 
orientation property of the c axis was somewhat inferior to 
that of the former sample . 

The magnetic characteristics of individual samples were 
measured by using a vibrating sample type magnetometer, and 
measurements were performed in the case where a magnetic 
field of 1.2 MA/m was applied in a direction perpendicular 
to the film surface and in the case where 2.4 MA/m was 
applied. Subsequently, a measurement of the Fe substrate 
before film formation, which had been subjected to the heat 
treatment at the above-described temperature, was performed, 
the measurement value was subjected to subtraction 
processing and, thereafter, the magnetic characteristics of 
the Nd-Fe-B film were determined- A part of the samples 
were further subjected to the measurement of the initial 
magnetization curve. In every case, correction of 
demagnetizing factor was not considered. 

In the alloy composition analysis of the thin film, 
since a commonly used ICP analysis included an error due to 
elution of the Fe substrate during dissolution of the film 
with an acid, the Nd content in the film was calculated on 
the basis of the EPMA analysis. As a result, the Nd content 
was 25.7 in terms of percent by mass for Comparative example 
sample (1), 29.4 for Present invention sample (1), 34.5 for 
Present invention sample (2), 39.2 for Present invention 
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sample (3), 4 4.1 for Present invention sample (4), and 47.8 
for Comparative example sample (2). For Comparative example 
samples (3) to (8), in which the heat treatment condition 
was different from those described above, since the Nd 
percent by mass is not changed by the difference in heat 
treatment, the values in correspondence with the above- 
described results of percent by mass were used. The mass of 
Nd and the heat treatment condition are collectively shown 
in Table 1. 



[Table 1] 





Nd composition 
(percent by mass) 


Heat treatment 
temperature (°C) 


Comparative example sample (1) 


25.7 


850 


Present invention sample (1) 


29.4 


850 


Present invention sample (2) 


34 . 5 


850 


Present invention sample (3) 


39.2 


850 


Present invention sample (4) 


44 . 1 


850 


Comparative example sample (2) 


47 . 8 


850 


Comparative example sample (3) 


25.7 


600 


Comparative example sample (4) 


29.4 


600 


Comparative example sample (5) 


34 .5 


600 


Comparative example sample (6) 


39.2 


600 


Comparative example sample (7) 


44.1 


600 


Comparative example sample (8) 


47.8 


600 



Fig. 2 shows maximum energy products (BH)max of Present 
invention samples (1) to (4) and Comparative example samples 
(1) to (8) . Here, the value measured while a low magnetic 
field of 1.2 MA/m was applied was denoted by (BH)max/1.2, 
and the value measured while a high magnetic field of 2.4 
MA/m was applied was denoted by (BH) max/2. 4. 
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As is clear from Fig. 2, (BH)max of every sample 

depended on the amount of Nd, and for Present invention 

samples (1) to (4) having the Nd mass of 28 percent or more, 

and 4 5 percent or less, both the obtained maximum energy 

products, (BH)max/1.2 and (BH)max/2.4, were high values of 

3 

about 150 kJ/m or more. The difference between the two 
(BH)max values is small and, therefore, it was made clear 
that relatively high characteristics were able to be 
obtained by a low magnetization magnetic field. For 
Comparative example sample (1) in which the Nd percent by 
mass was too small, deposition of aFe was recognized in the 
crystal texture, so that the coercive force was low. 
Therefore, a high (BH)max was not able to be obtained. For 
Comparative example sample (2) in which the Nd percent by 
mass was too large, the residual magnetization was reduced 
significantly, so that a high (BH)max was not able to be 
obtained . 

On the other hand, for Comparative example samples (3) 

to (8), the difference between the (BH)max/1.2 and the 

(BH) max/2. 4 was large, a high value was not able to be 

obtained unless the magnetization magnetic field was 

3 

increased, and a value of 150 kJ/m was obtained simply in 
the case where a high magnetic field was applied, for 
Comparative example sample (5) . This is on the grounds that, 
as indicated by the initial magnetization curves and the 
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demagnetization curves of Present invention sample (2) and 
Comparative example sample (4) shown in Fig. 3, the former 
exhibits a steep rising edge of magnetization whereas that 
of the latter is gentle. The reason for this is estimated 
to be the difference in crystal texture. 
EXAMPLE 2 

In a front chamber of a three-dimensional sputtering 
apparatus, three Nd rods were put into each of one pair of 
Nd-Fe-B alloy targets prepared in Example 1, and a Ti target 
having the same dimensions was attached to a rear chamber. 
Surface-polished alumina having an outer diameter of 10 mm, 
an inner diameter of 0.8 mm, and a thickness of 0.2 mm was 
used as the substrate. The above-described alumina 
substrates were attached to a tungsten wire in such a way 
that five substrates were attached on one sputtering 
operation basis while keeping a distance of 7 mm from each 
other, the tungsten wire having a diameter of 0.5 mm and a 
length of 60 mm, being processed into a corrugated shape, 
and being inserted into a jig directly coupled to a motor 
shaft . 

The inside of the sputtering apparatus was evacuated. 
Thereafter, an Ar gas was introduced, the inside of the 
apparatus was maintained at 1 Pa, and the substrate was 
rotated at 6 rpm. First, reverse sputtering was performed 
for 10 minutes, while an RF output of 100 W and a DC output 



- 23 - 



of 10 W were applied. Subsequently, sputtering was 
performed for 10 minutes, while an RF output of 100 W and a 
DC output of 150 W were applied, so that Ti substrate films 
were formed on both surfaces of the substrate. The 
resulting substrate provided with Ti films formed thereon 
was transferred to the front chamber of the apparatus, and 
sputtering was performed for 80 minutes, while an RF of 200 
W and a DC of 400 W were applied, so that Nd-Fe-B films were 
formed on both surfaces of the above-described substrate. 
Furthermore, the resulting substrates were charged into an 
electric furnace placed in an Ar gas atmosphere, and were 
heated at 600°C to 1,250°C for 30 minutes, followed by 
furnace cooling, so that various samples, in which crystal 
grain diameters were differentiated due to the difference in 
heat treatment temperature, that is, Present invention 
samples (5) to (9) and Comparative example samples (9) and 
(10) were prepared. 

With respect to the thicknesses of individual films, a 
part of the substrate was masked in advance, a film was 
formed under the same sputtering condition, and measurement 
was performed with a surface roughness meter. As a result, 
a Ti film was 0.15 jam, and a Nd-Fe-B film was 20 \ua. The 
amount of Nd in the Nd-Fe-B film was 33.2 percent by mass. 
Every sample after the heat treatment was observed by using 
the SEM apparatus provided with an EDX analysis function, 
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and the Nd2Fei4B crystal grain diameter was determined from 
the image thereof- According to the secondary electron 
image observation, in Present invention sample (5) to (9), 
grain boundary phases having a thickness of about 0.1 jam, in 
which Nd and O were distributed at high concentrations 
between individual crystal grains, were observed. On the 
other hand, in Comparative example samples (9) and (10), a 
clear grain boundary phase was not recognized. 

Table 2 shows the heat treatment temperature, the 
crystal grain diameter, and the values of the residual 
magnetization Br/1.2 and the coercive force Hcj/1.2 in the 
case where a low magnetic field of 1.2 MA/m was applied in a 
direction perpendicular to the film surface of each sample. 



[Table 2] 



Sample 


Heat treatment 
temperature 

•(•C) 


Crystal grain 1 
diameter 

(^m) 


Br/1 . 2 
(T) 


Hcj/1.2 
(MA/m) 


Comparative example 
sample (9) 


600 


0.2 


0 . 58 


1 . 18 


Present invention 
sample (5) 


700 


0.7 


0 . 83 


1 .22 


Present invention 
sample (6) 


800 


3.1 


1.03 


1 . 15 


Present invention 
sample (7) 


900 


9.2 


1.18 


1 . 12 


Present invention 
sample (8) 


1000 


18 


1 . 19 


0. 93 


Present invention 
sample (9) 


1200 


28 


1.16 


0.74 


Comparative example 
sample (10) 


1250 


35 


0 . 87 


0. 38 



As is clear from Table 2, when the heat treatment 
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temperature is 700°C or more, the crystal grain diameter 

exceeding the single-magnetic-domain grain diameter of 0.3 

pm can be obtained, and as the temperature is increased, the 

crystal grows and the grain diameter is increased. For 

Comparative example sample (9), since the crystal grain 

diameter is small, the coercive force is large. However, 

the magnetization characteristics are poor and, thereby, the 

residual magnetization is low. For Comparative example 

sample (10), since the crystal grain diameter is too large, 

the coercive force is reduced significantly, and reduction 

of "the residual magnetization results. Furthermore, a part 

of alloy component becomes melt, and unevenness occurs in 

the film surface. 

Fig. 4 shows the relationship of the crystal grain 

diameter with (BH) max/1. 2 and (BH) max/2. 4 of each sample. 

According to Fig. 4, as the crystal grain diameter is 

increased, the value of (BH) max/1. 2 becomes close to the 

value of (BH) max/2. 4, that is, the tendency toward an 

improvement of the magnetization characteristics is shown. 

3 

Furthermore, (BH)max/2.4 is 150 kJ/m or more for Present 

invention samples (5) to (9) in which the crystal grain 

3 

diameter is 0.7 to 27 |im, 200 kJ/m or more for the samples 

3 

(6) to (8), and 245 kJ/m at a maximum. Therefore, a high 
maximum energy product was obtained. 
EXAMPLE 3 
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Two Nd rods and one Dy rod were put into each of one 
pair of Nd-Fe-B alloy targets, two Fe substrates used in 
Example 1 were adhered and fixed to a jig, and they were 
attached to a sputtering apparatus. The inside of the 
apparatus was maintained at 0.5 Pa, and the substrate was 
rotated at 6 rpm. First, reverse sputtering was performed 
for 10 minutes, while an RF output of 30 W and a DC output 
of 4 W were applied. Subsequently, sputtering was performed 
for 0.5 minutes to 24 hours, while an RF of 200 W and a DC 

m 

of 500 W were applied, so that a Nd-Dy-Fe-B film was formed 
on- one surface of each of the above-described two substrates. 
One of the substrates was used for measuring the film 
thickness, and the other was used for a heat treatment. In 
the heat treatment, the temperature of the substrate was 
rapidly raised to 820°C by infrared heating in a vacuum, and 
was kept for 10 minutes, followed by cooling. The resulting 
samples were taken as Comparative example sample (11) of 
0.15 urn, Present invention sample (10) of 0.26 (Jin to Present 
invention sample (16) of 374 jam, and Comparative example 
sample (12) of 455 (am on the basis of the film thicknesses. 

As a result of the composition analysis of each sample, 
the amount of Nd in the Nd-Dy-Fe-B film was 29.8 percent by 
mass, Dy was 4.3 percent by mass, and a total amount of rare 
earth was 34.1 percent by mass. All the crystal grain 
diameters were within the range of 5 to 8 \xm. According to 
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the secondary electron image observation, in every sample, 
grain boundary phases having a thickness of about 0.2 um or 
less, in which Nd and O were distributed at high 
concentrations between individual crystal grains, were 
observed . 

Fig. 5 shows the relationship of the film thickness 
with (BH) max/1. 2 and (BH)max/2.4 of each sample. As is 
clear from Fig. 5, in Comparative example sample (11) of 
0.15 Min film thickness, since the film thickness is too 
small, the volume of the crystal is small and, thereby, a 
single-magnetic-domain grain-like behavior becomes dominant. 
Consequently, the magnetization characteristics are poor and, 
as a result, the difference between (BH)max/1.2 and 
(BH) max/2. 4 is large. In Comparative example sample (12), 
since the film thickness is too large, disturbance in the 
perpendicular orientation property of the crystal is 
increased, and the tendency toward a reduction of (BH)max 
was shown. Therefore, it was made clear that the 
appropriate thickness of the film was 0.2 to 400 m in order 
to obtain a high energy product. 
EXAMPLE 4 

A target was the same as the target in Example 3, and a 
SUS420 based stainless steel shaft having a diameter of 0.3 
mm and a length of 12 mm was used as a base material. The 
inside of the apparatus was maintained at 1 Pa, and the base 



material was rotated at 10 rpm. Reverse sputtering was 
performed for 10 minutes, while an RF output of 20 W and a 
DC output of 2 W were applied. Sputtering was performed for 
4 hours, while an RF of 200 W and a DC of 500 W were applied, 
so that two products, in which a Nd-Dy-Fe-B film of 46 |xm 
was formed on the surface of the base material shaft, were 
prepared. Subsequently, the shafts provided with the film 
formed thereon were put in an electric furnace. One shaft 
was kept at 8 00°C for 30 minutes, and the other shaft was 
kept at 550°C for 30 minutes, followed by cooling. The 
former was taken as Present invention sample (17), and the 
latter was taken as Comparative example sample (13) . 

As a result of the composition analysis of each sample, 
the amount of Nd in the Nd-Dy-Fe-B film was 30.6 percent by 
mass, Dy was 4.4 percent by mass, and a total amount of rare 
earth was 35.0 percent by mass. The crystal grain diameter 
of Present invention sample (17) was 3 to 7 jmn. According 
to the secondary electron image observation, grain boundary 
phases having a thickness of about 0.2 or less, in which 
Nd and 0 were distributed at high concentrations between 
individual crystal grains, were observed. On the other hand, 
the crystal grain diameter of Comparative example sample 
(13) was about 0.2 jum and a clear grain boundary phase was 
not recognized. 

The measurement of the magnetic characteristics was 



performed by applying a magnetic field of 0.8 to 2.4 MA/m in 
a direction orthogonal to the shaft provided with the film 
formed thereon. As in Example 1, the characteristics of the 
sample, which was the shaft before film formation and had 
been subjected to a heat treatment at the same temperature, 
were subtracted and, thereafter, the magnetic 
characteristics of the Nd-Dy-Fe-B film were determined. 
When the results of measurement while a magnetic field was 
applied in a direction parallel to the shaft were compared 
with the above-described results, the values of residual 
magnetization were at an equivalent level. Therefore, it 
was estimated that a magnetically isotropic film was 
obtained for the present example sample. 

Fig. 6 shows the relationship of the energy product 
with the magnetic field for Present invention sample (17) 
and Comparative example sample (13). As is clear from Fig. 
6, since the difference in maximum energy product relative 
to the magnitude of the magnetic field was small, it was 
made clear that, for Present invention sample (17), a high 
value was able to be obtained at a low magnetic field as 
compared with Comparative example sample (13) . 
Industrial Applicability 

In the R-Fe-B based thin film magnet in which the R 
content and the crystal grain diameter were controlled, the 
composite texture composed of the R2Fei4B crystals and R- 
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element-rich grain boundary phases is formed and, thereby, 
the thin film magnet having excellent magnetization 
characteristics as compared with those of the known thin 
film magnet can be prepared. Consequently, thin film magnet 
suitable for the use in micromachines , sensors, and small 
medical and information equipment, in which it is difficult 
to generate a strong magnetic field in a narrow space, can 
be adequately magnetized and, therefore, an improvement of 

performance of various equipment is facilitated. 

*' 

Brief Description of the Drawings 

[Fig. 1] Fig. 1 is a diagram showing initial magnetization 
curves and demagnetization curves of a sintered magnet (a) 
and a known example of thin film magnet (b) . 

[Fig. 2] Fig. 2 is a diagram showing the relationship of the 
amount of Nd with (BH)max of Present invention samples and 
Comparative example samples . 

[Fig. 3] Fig. 3 is a diagram showing initial magnetization 
curves and demagnetization curves of Present invention 
sample (2) and Comparative example sample (4). 
[Fig. 4] Fig. 4 is a diagram showing the relationship of the 
crystal grain diameter with (BH)max of Present invention 
samples and Comparative example samples. 

[Fig. 5] Fig. 5 is a diagram showing the relationship of the 
film thickness with (BH)max of Present invention samples and 
Comparative example samples. 



[Fig. 6] Fig. 6 is a diagram showing the relationship of the 
magnetic field with (BH)max of Present invention sample (17) 
and Comparative example sample (13) . 



- 32 - 



